1. Introduction {#sec1-micromachines-08-00289}
===============

Micro-electro-mechanical system (MEMS) mirrors were reported to be in use as early as 1980 as an optical scanner \[[@B1-micromachines-08-00289]\]. Since then, MEMS mirrors have been used in a wide range of applications, such as optical switches or optical attenuators in telecommunications \[[@B2-micromachines-08-00289],[@B3-micromachines-08-00289]\], object tracking \[[@B4-micromachines-08-00289]\], projection displays \[[@B5-micromachines-08-00289]\], and 3D sensing \[[@B6-micromachines-08-00289]\]. Different applications may have different requirements for MEMS mirrors, but stable switching or scanning is always needed. For example, in optical switching, MEMS mirrors are the optical engine for high-precision optical beam positioning, which requires fast and stable switching with minimal cross talk between channels \[[@B7-micromachines-08-00289]\]. In the application of object tracking, a MEMS mirror is used to steer a laser beam to a target, which requires the laser steering to be accurate, fast and smooth \[[@B4-micromachines-08-00289]\]. Mechanically, a typical MEMS mirror can be simply modelled as a spring-mass-damper system, where the mirror plate is the mass. Most MEMS mirrors operate in air or vacuums, which is typically an under-damped condition that will cause undesired oscillation and overshoot when applying a step input. The under-damped oscillation and overshoot will increase the settling time and may also seriously affect the performance of the whole optical system, such as introducing cross talk or missing the target \[[@B8-micromachines-08-00289],[@B9-micromachines-08-00289]\].

Usually, to suppress or remove the under-damped oscillation, a control strategy such as open-loop control or closed-loop control may be employed \[[@B10-micromachines-08-00289]\]. Closed-loop control requires position sensing, which increases system complexity and cost \[[@B11-micromachines-08-00289]\]. Shaping input signals is an open-loop control method, where a pre-shaped input signal that corresponds to the reverse of the oscillation with proper time delay is constructed and then applied to control the system \[[@B12-micromachines-08-00289],[@B13-micromachines-08-00289],[@B14-micromachines-08-00289]\]. For example, Daqaq et al. employed an input shaping scheme to realize a desired scanning beam locus with an electromagnetic MEMS mirror \[[@B14-micromachines-08-00289]\], where the input signal was calculated based on mirror dynamic characteristics, and using the Laplace transform. Shi et al. reported a method to control a thermally-actuated MEMS mirror based on a high-order dynamic model, and the experiment shows the residual oscillation is greatly eliminated \[[@B15-micromachines-08-00289]\]. However, the accuracy of the model largely affects the performance of the open-loop control method, and it may not work well when it is a relatively complex system, such as a high-order system, or a time-varying system.

In this paper, we report a solution that can eliminate under-damped oscillation of electrothermal bimorph MEMS mirrors without using either the open-loop or closed-loop control strategy. This solution utilizes the low pass nature of thermal response to suppress the mechanical oscillation. This paper is organized as follows. In [Section 2](#sec2-micromachines-08-00289){ref-type="sec"}, the electrothermal bimorph actuation principle and the electrothermal bimorph based MEMS mirror design are introduced first, and then the static and dynamic characteristics of a fabricated electrothermal bimorph MEMS mirror with step response overshoot is presented. In [Section 3](#sec3-micromachines-08-00289){ref-type="sec"}, a thermomechanical model of the bimorph MEMS mirror is developed, from which the new method of suppressing the step response overshoot and oscillation is established. [Section 4](#sec4-micromachines-08-00289){ref-type="sec"} presents the design and testing results of the improved electrothermal bimorph MEMS mirror based on the new method, which experimentally validates the effectiveness of the overshoot suppression.

2. Two-Axis Electrothermal MEMS Mirror {#sec2-micromachines-08-00289}
======================================

The two-axis electrothermal MEMS mirror used in this study is based on an inverted-series-connected (ISC) thermal bimorph actuator structure \[[@B16-micromachines-08-00289]\]. A thermal bimorph refers to a beam consisting of two layers of materials with different thermal expansion coefficients (TEC). When the temperature of the bimorph changes due to the Joule heating generated by a heater embedded in the bimorph, the bimorph bends because of the TEC difference. However, the tip of a single bimorph has both tangential tip-tilt and lateral shift upon actuation, as shown in [Figure 1](#micromachines-08-00289-f001){ref-type="fig"}a. Thus, a unique ISC bimorph actuator design has been developed \[[@B17-micromachines-08-00289]\], as shown in [Figure 1](#micromachines-08-00289-f001){ref-type="fig"}b, where each ISC bimorph consists of an inverted (IV) segment, a non-inverted (NI) segment, and an overlap (OL) segment, resulting in an "S" shape. Two such bimorphs are connected in a folded fashion, eliminating both tip-tilt and lateral shift at the end of the folded beam, as shown in [Figure 1](#micromachines-08-00289-f001){ref-type="fig"}c. The two materials in the bimorph are typically aluminum (Al) and silicon dioxide (SiO~2~) because of their large TEC difference. A titanium (Ti) layer is embedded in the SiO~2~ along the ISC bimorph actuators to form a resistor, as shown in [Figure 1](#micromachines-08-00289-f001){ref-type="fig"}d. When voltage is applied to the Ti resistor, Joule heat is generated, which changes the bimorph temperature.

A fabricated two-axis ISC MEMS mirror is shown in [Figure 2](#micromachines-08-00289-f002){ref-type="fig"}a, which consists of four ISC bimorph actuators and a mirror plate. The mirror plate is supported by the four ISC actuators on the four sides symmetrically. With four ISC actuators controlling the four sides of the mirror plate, the mirror plate can move vertically or generate angular scan in two axes. The device is fabricated using a hybrid bulk- and surface-micromachining process and SOI wafers are selected to ensure the flatness of the mirror plate. The process includes Ti heater lift-off, SiO~2~ plasma-enhanced chemical vapor deposition (PECVD), Al sputter deposition, SiO~2~ reactive ion etch (RIE), and silicon deep reactive-ion etching (DRIE), as described in \[[@B18-micromachines-08-00289]\]. A fabricated device is shown in [Figure 2](#micromachines-08-00289-f002){ref-type="fig"}a, where the chip size is 2 mm × 2 mm, and the diameter and thickness of the mirror plate are 1 mm and 25 μm, respectively. A zoom-in view of an ISC actuator is shown in [Figure 2](#micromachines-08-00289-f002){ref-type="fig"}b, which shows a clear "S" shape. There is a Ti resistor running along the entire bimorph loop. The mirror plate is 150 μm below the substrate surface.

3. Step Response Modelling of the Electrothermal Bimorph MEMS Mirror {#sec3-micromachines-08-00289}
====================================================================

When a current is injected into the integrated Ti resistor, the bimorph actuator bends due to the different TEC of Al and SiO~2~. The transfer function of the dynamic response of the MEMS mirror can be expressed as $$H\left( s \right) = H_{T}\left( s \right) \cdot H_{M}\left( s \right)$$ where *H~T~*(*s*) and *H~M~*(*s*) are, respectively, the transfer functions of the electrothermal response, and mechanical response of the bimorph actuator.

Firstly, these two physical processes will be modelled separately. According to the study reported in \[[@B19-micromachines-08-00289]\], the temperature is quite uniform on bimorph actuators since the resistive heater is uniformly distributed along the bimorph, and the thermal isolations on both ends of the bimorph are good. Thus, the electrothermal response of the bimorph actuator can be approximately modelled as a first-order system. The corresponding heat transfer equation can be simplified as: $$C_{T}\frac{d\Delta T}{dt} + \frac{\Delta T}{R_{T}} = P$$ where $\Delta T$ is the average temperature change on the bimorph, $C_{T}$ is the heat capacitance of the bimorph actuator, $R_{T}$ is the equivalent thermal resistance from the bimorph to the substrate and the ambient, and $P$ is the input electrical power. From Equation (2), the transfer function of the thermal response of the system can be derived as: $$H_{T}\left( s \right) = \frac{R_{T}}{sR_{T}C_{T} + 1}$$

Let us consider the case when only one actuator is activated. In this case, the opposing actuator will be stationary while the two neighboring actuators will be displaced as much as half of that of the activated actuator, as illustrated in [Figure 3](#micromachines-08-00289-f003){ref-type="fig"}.

Thus, the mirror can be modelled as a second-order mass-spring-damper system. The corresponding equation of motion is given by: $$I\frac{d^{2}\theta}{dt^{2}} + D\frac{d\theta}{dt} + k_{\theta}\theta = FL$$ where *I* is the moment of inertia of the square mirror plate, $\theta$ is the rotation angle of the mirror plate, *D* is the air damping coefficient, $k_{\theta}$ is the equivalent torsional stiffness of all the bimorph actuators combined, *L* is length of the mirror plate, and *F* is the force generated by the activated actuator. Thus, the mechanical force-to-angle transfer function is readily obtained from Equation (4): $$H_{M}\left( s \right) = \frac{L/I}{S^{2} + \left( {D/I} \right)S + k_{\theta}/I}$$

Plugging Equations (3) and (5) into Equation (1) yields $$H\left( s \right) = H_{T}\left( s \right) \cdot H_{M}\left( s \right) = \frac{R_{T}}{R_{T}C_{T}S + 1} \cdot \frac{L/I}{S^{2} + \left( {D/I} \right)S + k_{\theta}/I}$$ $${or}\ H\left( s \right) = \frac{1}{\tau S + 1} \cdot \frac{\omega_{n}{}^{2}}{S^{2} + 2\omega_{n}\zeta S + \omega_{n}{}^{2}} = \frac{\frac{1}{\tau} \cdot \omega_{n}{}^{2}}{\left( {S^{2} + 2\omega_{n}\zeta S + \omega_{n}{}^{2}} \right)\left( {S + \frac{1}{\tau}} \right)}$$ where $\tau = R_{T}C_{T}$, $\omega_{n} = \sqrt{k_{\theta}/I}$, and $\zeta = \frac{D}{2\sqrt{k_{\theta}I}}$ respectively represent the thermal time constant, natural resonant frequency of rotation, and damping ratio of the bimorph-mirror plate system.

For an under-damped system, the normalized step response in time domain can be obtained from Equation (7), i.e., $$\widetilde{\theta}\left( t \right) = 1 - \frac{e^{- \beta\zeta\omega_{n}t}}{\zeta^{2}\beta\left( {\beta - 2} \right) + 1} - \frac{\zeta\beta e^{- \zeta\omega_{n}t}}{\sqrt{1 - \zeta^{2}}\sqrt{\zeta^{2}\beta\left( {\beta - 2} \right) + 1}}\sin\left( {\omega_{d}t + \alpha} \right)$$ where $\beta = \frac{1}{\tau\omega_{n}\mathsf{\zeta}}$, $\mathsf{\omega}_{d} = \mathsf{\omega}_{n}\sqrt{1 - \mathsf{\zeta}^{2}}$ $$\alpha = \arctan\frac{\zeta\left( {\beta - 2} \right)\sqrt{1 - \zeta^{2}}}{\zeta^{2}\beta\left( {\beta - 2} \right) + 1}$$

For an under-damping system, it is more convenient to use quality factor $Q = \frac{1}{2\mathsf{\zeta}}$ to represent damping; also $\omega_{n} = 2\mathsf{\pi}f_{0}$, where $f_{0}$ is the resonance frequency. The dynamical response of the whole system mainly depends on these parameters. As shown in (7), the dynamical response of the whole system includes a first-order low-pass filter sub-system and an under-damped second-order sub-system. Typically, the mirror plate of such a MEMS mirror is about 1 mm in size and surrounded by air, leading to a resonance frequency in the range of 0.3--3 kHz, a thermal time constant in the range of 1--50 ms, and a quality factor, or *Q* factor, of about 50 \[[@B17-micromachines-08-00289],[@B18-micromachines-08-00289],[@B20-micromachines-08-00289]\]. So, $\mathsf{\zeta}$ is about 0.01.

Hypothetically, let us take *Q* = 50 and consider different τ and $f_{0}$. For example, take (a) $\tau = 1\ {ms}$, and $f_{0}$ = 300 Hz, and (b) $\tau = 10\ {ms}$, and $f_{0}$ = 1.5 kHz. [Figure 4](#micromachines-08-00289-f004){ref-type="fig"} shows the frequency response and step response of this system. Not surprisingly, there is overshoot and ringing in the step response as shown in [Figure 4](#micromachines-08-00289-f004){ref-type="fig"}a. More interestingly, the step response in [Figure 4](#micromachines-08-00289-f004){ref-type="fig"}b exhibits almost zero overshoot and ringing. This indicates that the step response's overshoot and ringing can be eliminated by properly designing the thermal response and mechanical response of the electrothermal bimorph actuator.

4. Elimination of Overshoot and Ringing {#sec4-micromachines-08-00289}
=======================================

According to Equation (3), the cutoff frequency of the thermal response $f_{c,T}$ is given by $$f_{c,T} = \frac{1}{2\mathsf{\pi}\tau}$$

Since the thermal response functions as a low pass filter, the mechanical response will decrease rapidly with increasing frequency above $f_{c,T}$ by 20 dB/decade. Thereby, the peak of the mechanical resonance will be suppressed by a factor of $f_{0}/f_{c,T}$. As the mechanical gain at the resonance is equal to *Q* for an under-damped system, to completely remove the overshoot and ringing, we must have $$f_{0}/f_{c,T} \geq Q$$

Plugging Equation (10) into (11) yields $$\tau \cdot f_{0} \geq \frac{Q}{2\mathsf{\pi}}$$

Thus, according to Equation (12), for a given packaging environment (i.e., *Q* is fixed), an electrothermal bimorph actuator with fast thermal response must have high resonant frequency in order to suppress the overshoot and ringing of a step response. Numerical plotting Equation (8) will provide a better understanding. Let us still take *Q* = 50. [Figure 5](#micromachines-08-00289-f005){ref-type="fig"} shows the step response of a system with $f_{0}$ = 1 kHz and $\tau$ varying from 1 ms to 10 ms, while [Figure 6](#micromachines-08-00289-f006){ref-type="fig"} shows the step response of a system with $\tau$ = 5 ms and $f_{0}$ varying from 200 Hz to 2 kHz. It can be observed that both the overshoot and ringing are effectively removed when $\tau \geq 10\ {ms}$ for $f_{0}$ = 1 kHz or when $f_{0}\  \geq \ $2 kHz for $\tau = 5\ {ms}$. In both cases, $\tau \cdot f_{0} > 50/\left( {2\pi} \right) \simeq 8$, which agrees very well with Equation (12).

5. Experimental Verification {#sec5-micromachines-08-00289}
============================

According to the analysis in [Section 4](#sec4-micromachines-08-00289){ref-type="sec"}, both the thermal response time and the resonant frequency determine the characteristics of the step response of an electrothermal MEMS mirror. [Figure 7](#micromachines-08-00289-f007){ref-type="fig"} shows a schematic diagram of a portion of an electrothermal MEMS mirror, including a complete thermal bimorph actuator, and part of the mirror plate. The bimorph actuator further consists of a folded double ISC bimorph, a thermal isolation A between the bimorph and the substrate, and a thermal isolation B between the bimorph and the mirror plate.

As we described above, the thermal response time and the resonant frequency are given by $$\tau = R_{T}\ C_{T}\text{~~}{and}\text{~~}f_{0} = \frac{1}{2\pi}\sqrt{k_{\theta}/I}$$ where $R_{T}$ is the inverse of the thermal conduction of the thermal isolation A plus the thermal conduction of the air around the bimorph, $C_{T}$ is the thermal capacitance of the entire bimorph, $k_{\theta}$ is the torsional stiffness of the bimorph, and I is the moment of inertia which is proportional to the mass of the mirror plate. The stiffness of the bimorph $k_{\theta}$ can be changed largely by varying the length of the bimorph. Note that the thermal isolation region B blocks the heat flux from flowing into the mirror plate; it does not affect the thermal response time of the bimorph actuator and its thermal resistance is much greater than $R_{T}$ in Equation (13). [Table 1](#micromachines-08-00289-t001){ref-type="table"} lists two designs with different bimorph lengths leading to $f_{0}$. [Figure 8](#micromachines-08-00289-f008){ref-type="fig"} shows SEMs of both MEMS mirror designs.

To obtain the step response of the MEMS mirrors, a setup as illustrated in [Figure 9](#micromachines-08-00289-f009){ref-type="fig"} was constructed, where a laser beam was directed to the center of a MEMS mirror through a beam splitter (BS), and then the laser beam was reflected by the MEMS mirror and incident on a position sensitive device (PSD) (OT-302D, On-Trak Photonics, Inc., California, USA). The output signal of the PSD was a direct measure of the lateral shift of the laser spot. The mirror tilt angle is readily calculated as follows: $$\theta = \frac{1}{2}\arctan\frac{\Delta d}{d}$$ where $\theta$ is the mirror tilt angle, $d$ is the distance between the mirror and the PSD, and $\Delta d$ is the laser spot displacement on the PSD.

First, the resonant frequencies of the two designs shown in [Figure 8](#micromachines-08-00289-f008){ref-type="fig"} were measured with simple frequency-sweeping using the setup shown in [Figure 9](#micromachines-08-00289-f009){ref-type="fig"}, which were 0.592 kHz, and 1.89 kHz, respectively. Then a step voltage signal was applied to one of the actuators of a MEMS mirror, and the PSD output signal was recorded, which was the step response of the MEMS mirror. [Figure 10](#micromachines-08-00289-f010){ref-type="fig"} shows the step responses of the two designs. The experimental rise time $t_{r}$ and $f_{0}$ for the two designs are listed in [Table 2](#micromachines-08-00289-t002){ref-type="table"}.

For a first order system, the step response is given by $\left( {1 - e^{- \frac{t}{\tau}}} \right)$. Thus, the 10% to 90% rise time can be readily derived as $t_{r} = \left( {ln9} \right)\tau \approx 2.2\tau$. Using this relation, the $\tau$ values are calculated and given in [Table 2](#micromachines-08-00289-t002){ref-type="table"}. Also plotted in [Figure 8](#micromachines-08-00289-f008){ref-type="fig"} are the simulated step responses with *Q* = 50. There is a small difference between the experiment and simulation, which is believed to be due to the fact that the assumed *Q* = 50 may not be accurate.

As shown in [Figure 10](#micromachines-08-00289-f010){ref-type="fig"} and [Table 2](#micromachines-08-00289-t002){ref-type="table"}, when the product of $\tau \cdot f_{0}$ is increased from 1 to about 4, the overshoot for Design 2 is reduced by a factor of 5. However, the $\tau \cdot f_{0}$ product for Design 2 is still less than 8, when the optimal value is calculated from Equation (12). Thus, just as predicted, a small overshoot remains in Design 2. In order to further reduce the overshoot, $\tau \cdot f_{0}$ must be increased. We may increase either $\tau$ or $f_{0}$ or both. Following this study, the bimorph length may be further reduced to increase $f_{0}$. According to Equation (13), other structural parameters, such as the thickness and width of each layer in the isolation and bimorph, the density of the holes on the isolation region, and the thickness and size of the mirror plate, can all be used to tune the product of $\tau \cdot f_{0}$.

6. Conclusions {#sec6-micromachines-08-00289}
==============

In this work, a solution that can suppress the overshoot and ringing of the step response of an under-damped electrothermal bimorph actuated MEMS mirrors is proposed and experimentally verified. A model based on the dynamical response of the electrothermal MEMS mirror is established. This model shows that the dynamical response of the electrothermal MEMS mirror can be considered as a first-order RC system connected with a second spring-mass system. Simply tuning the product to $\tau \cdot f_{0}$ can reduce, or even completely remove, the overshoot and ringing of the step response of the electrothermal MEMS mirror operating in air. This method provides a powerful venue for optimal use of electrothermal MEMS mirrors.

This work was supported in part by the National Natural Science Foundation of China under Grant 61574016 and 61404008, in part by 111 project of China under Grant B14010, and in part by the US National Science Foundation under award\#1512531.

Q.C. and H.X. conceived the concept; M.L. and Q.C. performed the theoretical analysis; Q.C. designed the devices; Y.L. performed the experiments; M.L. and Y.D. analyzed the data; M.L. and Q.C. wrote the paper; Y.D. and H.X. supervised the work.

The authors declare no conflict of interest.
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![Two-axis ISC MEMS mirror. (**a**) Scanning electron microgram (SEM) of a fabricated device (2 mm × 2 mm); (**b**) SEM of an ISC actuator.](micromachines-08-00289-g002){#micromachines-08-00289-f002}
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![Frequency response and step responses of the whole system with (**a**) *Q* = 50, $\tau = 1\ {ms}$ and $f_{0}$ = 300 Hz; (**b**) *Q* = 50, $\tau = 10\ {ms}$ and $f_{0}$ = 1,500 Hz.](micromachines-08-00289-g004){#micromachines-08-00289-f004}
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![Step response with $\tau$ = 5 ms and different resonant frequencies ($f_{0} =$ 0.2, 1.0, 2.0 kHz).](micromachines-08-00289-g006){#micromachines-08-00289-f006}
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![SEMs of two MEMS mirrors. (**a**) Design 1; (**b**) Design 2.](micromachines-08-00289-g008){#micromachines-08-00289-f008}

![Experimental setup for measuring the mirror tilt angle.](micromachines-08-00289-g009){#micromachines-08-00289-f009}

![Step responses of the MEMS mirrors. (**a**) Design 1; (**b**) Design 2.](micromachines-08-00289-g010){#micromachines-08-00289-f010}

micromachines-08-00289-t001_Table 1

###### 

Parameters of two different MEMS mirror designs.

  Design Type   Thermal Isolation A Length (μm)   Bimorph Length (μm)   Mirror Diameter (mm)
  ------------- --------------------------------- --------------------- ----------------------
  Design 1      110                               845                   1
  Design 2      85                                500                   1

micromachines-08-00289-t002_Table 2

###### 

$\tau \cdot f_{0}$ of the two different MEMS mirror designs.

  Design Type   Rise Time $\mathbf{\mathbf{t}_{\mathbf{r}}}$ (ms)   Thermal Response Time, *τ* (ms)   Resonant Frequency, $\mathbf{\mathbf{f}_{0}}$ (kHz)   $\mathbf{\mathbf{\tau} \cdot \mathbf{f}_{0}}$   Overshoot (Test)   Overshoot (Simulation)
  ------------- --------------------------------------------------- --------------------------------- ----------------------------------------------------- ----------------------------------------------- ------------------ ------------------------
  Design 1      4.3                                                 1.95                              0.592                                                 1.16                                            10.2%              8.8%
  Design 2      4.6                                                 2.09                              1.89                                                  3.95                                            2.2%               0.66%
